ABSTRACT: An assay recapitulating the 3′ processing activity of HIV-1 integrase (IN) was used to screen the Boehringer Ingelheim compound collection. Hit-to-lead and lead optimization beginning with compound 1 established the importance of the C3 and C4 substituent to antiviral potency against viruses with different aa124/ aa125 variants of IN. The importance of the C7 position on the serum shifted potency was established. Introduction of a quinoline substituent at the C4 position provided a balance of potency and metabolic stability. Combination of these findings ultimately led to the discovery of compound 26 (BI 224436), the first NCINI to advance into a phase Ia clinical trial.
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1 Combination antiretroviral therapy (cART) was introduced in the mid-1990s and has led to a marked reduction of mortality and morbidity in HIV infected individuals. 2 For decades the drugs available for treatment of HIV were targeted to the essential viral enzymes reverse transcriptase (RT) and HIV protease. However, development of cross-resistance within mechanistic classes and poor tolerability necessitated the search for new targets for therapeutic intervention. 3−5 After considerable efforts from numerous academic and industrial laboratories, a third enzyme required for viral replication, integrase (IN), emerged as a viable target for HIV therapy. IN is responsible for the integration of viral DNA into host cell genome via a two-step process. 6, 7 In the first step, IN binds to viral DNA as part of the preintegration complex (PIC) in the cytoplasm and excises a dinucleotide from each 3′-end. Following this 3′-processing event, the PIC is transported into the nucleus where the 3′-ends of viral DNA are covalently linked to the 5′-ends of the host cell DNA in a process known as strand transfer. An intense effort dedicated to the discovery and development of strand transfer inhibitors has led to approval of raltegravir, elvitegravir, and dolutegravir, which have changed the landscape of treatment options available to individuals living with HIV. 8−10 However, there are no approved agents that target alternative functions of IN.
As part of our HIV drug discovery efforts, we initiated an HTS campaign toward identification of inhibitors of INcatalyzed 3′-processing. We designed an assay that recapitulates the 3′-processing activity of IN in isolation from the strand transfer event using an LTR-like DNA substrate modified with a 5′-fluorophore/3′-fluorescence quencher pair. Upon action of IN, the fluorescence quencher covalently linked to the excised dinucleotide is liberated from the DNA duplex and fluorescence is restored. This assay was used to screen the Boehringer Ingelheim compound collection, which resulted in the identification of a hit series exemplified by compound 1.
11
Isothermal calorimetry and equilibrium dialysis experiments confirmed that this series of compounds bound to IN with a binding stoichiometry of one molecule of inhibitor for every two molecules of the catalytic core domain (CCD) of IN. Building on the work of Dyda et al., 12 we performed X-ray crystallographic experiments that demonstrated that this series of compounds bound to a hydrophobic pocket at the dimer interface of the CCD of IN (vide infra). This pocket was first identified as the binding site of tetraarylarsonium ions by X-ray crystallography 13 and later as a part of the recognition domain on IN for the lens epithelial derived growth factor (LEDGF/ p75), 14 a host cell protein involved in protection and trafficking of PICs to transcriptionally active regions of chromatin. 15 Since our series of inhibitors bound to a site remote from the active site and inhibited the 3′-processing activity of the enzyme, we have termed these molecules noncatalytic site integrase inhibitors (NCINIs). Herein we describe our optimization of HTS hit compound 1 and identification of BI 224436, the first clinical candidate from this mechanistic class of inhibitors. 16 Compound 1 can be divided into three strategic substructures for modification: the C3 acetic acid moiety, the C4 arene, and the B-ring. Accordingly, we devised three distinct retrosynthetic disconnections, each designed to introduce these substructures late in the synthetic sequence (Figures S1−S3, Supporting Information). As part of our hit-to-lead activities, analogues of compound 1 were prepared in order to establish structure−activity relationships (SAR) and the minimal structural features required for inhibition of 3′-processing. We found that the chloro-substituent at C6 could be exchanged for another halogen, for example, giving bromo analogue 2 that was nearly equipotent in the LTR cleavage assay (Table 1) .
However, when the halogen was removed, the compound was 3-to 5-fold less potent (cf., compound 3 to 1 and 2). Exploration of substitution on the C4 phenyl ring revealed that addition of a 4-Me (4) or 4-Cl (5) substituent led to potency improvements of greater than 10-fold in the LTR cleavage assay. This improvement in intrinsic potency also brought about measurable antiviral potency in a viral replication assay. 17 As expected, removal of the bromo substituent from compound 5 led to a decrease in potency for analogue 6. Taken together, the results demonstrated preliminary SAR and highlighted contributions from both the B-ring and C4 aryl group to potency.
Having established the importance of B-ring and C4-aryl substitutions, we selected compound 5 as a starting point for further optimization. A key finding was that growing from the α-position of the C3-acetic acid moiety generally improved potency. While the methyl substituted analogue 7 was equipotent to compound 5, increasing the size of the alkyl substituent led to an improvement in intrinsic and antiviral activity. A leading example of this is the propyl analogue 8, which showed IC 50 value below 100 nM, an EC 50 value below 1 μM for the first time, and a cytotoxicity window of >66-fold. 18 On the basis of these encouraging results, we explored a number of substituents at the α-position and discovered that further improvements in potency could be realized with alkoxyl groups. The simple methoxyl analogue 9 showed comparable activity to compound 8 and was separated into individual enantiomers for evaluation of a possible eutomer effect. The Rstereoisomer 10 exhibited reduced intrinsic and antiviral potency (>75-and >45-fold, respectively), while the Senantiomer 11 was approximately 2-fold more active in both assays.
Compound 11 and closely related analogues have been used by us 16 and others 19, 20 to study the bioactive conformation of our series of inhibitors by X-ray crystallography. As shown in Figure 1 , the C3 substituent is critical to the binding of compound 11 to the CCD of IN and makes two key contacts with the protein: (a) a bivalent hydrogen bonding interaction with protein backbone at residues E170 and H171, and (b) a van der Waals contact deep in the hydrophobic pocket via the methoxyl group. The quinoline scaffold lies flat on the surface of the protein partially covering residues 124 and 125 and makes productive contact with the methyl group of A128. The plane of the C4-aryl group is orthogonal to that of the quinoline scaffold and also occupies space within the same deep hydrophobic pocket as the methoxyl substituent. Within group M isolates of HIV-1, residues 124 and 125 are polymorphic. With this in mind, a central theme to our potency optimization effort was to improve binding contacts made to the highly conserved regions of the pocket through an initial focus on the C3 substituent. For this, we developed a displacement assay to measure apparent dissociation constants. 21 In this assay, compound 11 had a K d-app value of 4.7 μM. As we increased the size of the alkoxyl substituent on the C3 substituent in order to continue to fill the deep, hydrophobic pocket, we saw increases in binding affinity that correlated with increases in antiviral potency. After a survey of alkoxyl analogues, the -OtBu group emerged as the optimal substituent at this position (exemplified by analogue 13, EC 50 = 78 nM).
Having optimized the R 3 substituent for binding to IN, we returned our focus to B-ring substitution patterns. Using compound 13 as a starting point, we conducted multiple positional scans and found that the most productive SAR came from substitutions at the R 6 and R 7 positions (Table 2 ). This was especially true when we took into account a number of different aa124/aa125 variants. For example, the EC 50 value for the T124/A125 variant for compound 13 was 8-fold higher than the A124/T125 variant. Scanning the C6 position revealed that this gap could be minimized (cf., compound 13 to 14 and 15). Interestingly, the antiviral potency for the unsubstituted analogue 16 was similar to compounds 14 and 15. When this exercise was carried out at the C7 position, a comparable level of potency was obtained. However, a matched pair analysis revealed that the antiviral potency across a number of IN variants was consistently superior (2-to 3-fold) for the case of a methyl group compared to hydrogen at the C7 position. On the basis of this finding, we regularly incorporated this modification throughout lead optimization. Interestingly, X-ray cocrystallography revealed that removal of the C6−Br atom resulted in a shift of the quinoline scaffold to bring the C5 position in closer proximity to A128 and the C4 substituent deeper into the highly conserved region of the pocket, as exemplified by a comparison of compounds 11 and 16 ( Figure 1 ).
In parallel with optimization of antiviral potency, we routinely characterized our inhibitors in a standard battery of in vitro ADME assays. The profiles of representative compounds selected from Table 3 are presented in Table S1 , Supporting Information, and highlight excellent solubility and Caco-2 permeability, insignificant inhibition of the cytochrome P450 isozymes 3A4 and 2D6, and reasonable metabolic stability when incubated with either human or rat liver microsomes. Indeed, further improvement in antiviral potency was the key challenge we faced at this stage of the project.
An in-depth exploration of the C4 substituent proved to be the most productive path toward increases in antiviral potency. Our approach centered on optimal space-filling of the highly conserved regions of the binding pocket through desymmetrization of the C4 arene. Chart 1 tracks the evolution of the C4 arene with representative compounds within the C7-methyl series. A guiding design principle centered on linking the X and Y groups in structure S12 (Scheme S2, Supporting Information) to give bicyclic C4 arenes, exemplified by the chromane analogue 20, which led to improvements in antiviral potency (Table 3) . Additionally, we noticed that the fold shift between EC 50 values measured with virus having different aa124/aa125 variants of IN decreased as we continued to fill the highly conserved portion of the pocket. Another key observation was that introducing substituents that restricted rotation about the C4−C(arene) bond often improved antiviral potency further. A leading example of this is when chloro analogue 21 is isolated as a stable atropisomer. Unfortunately, the saturated ring of the C4 arene introduced a site that was highly susceptible to metabolic oxidation in liver microsomal preparations. We found that introduction of polarity into the saturated ring, as with morpholine analogue 22 could only partially address this problem. In parallel with the exploration of motifs such as the C4-chromane, we also discovered the quinoline modification exemplified by compound 23. Initially, we struggled to balance potency and the shift between IN variants in this series, but noted that the metabolic stability was generally excellent. The key breakthrough for our program came when we hybridized the chromane and quinoline systems to give the tricyclic C4 arenes exemplified by compound 24. This molecule regained potency across integrase variants and exhibited excellent metabolic stability.
While the optimization strategy for antiviral potency in Table  3 was successful in identifying the lead compound 24, we also noted a profound effect on EC 50 value when the antiviral assays were performed in the presence of human serum (Table 3) . The serum shifted (ss) EC 50 has been used in human dose predictions for HIV preclinical candidate selection and therefore became a critical optimization parameter. 22 A series of retrospective analyses uncovered structural features that strongly impacted the serum shift value. The critical finding is highlighted in Figure 2 , which compares all serum shift data available for compounds having substructure 25. When the data is binned according to the R 7 substituent, we see that compounds where R 7 = H have significantly lower serum shift values than those with any other substituent at this position ( Figure 2A ). Furthermore, a scatter plot of ssEC 50 vs EC 50 highlights that at all levels of antiviral potency, the negative impact of serum shift on potency is generally greater for C7 substituted compounds ( Figure 2B ). On the basis of this analysis, removal of the C7-methyl group from 24 led us to compound 26 (BI 224436), a compound with antiviral potency slightly better than expected based on the results presented in Table 3 , but with improved serum shift, excellent metabolic stability and the generally favorable in vitro ADME profile characteristic of this series (Table 4) . Compound 26 was also evaluated in a rat pharmacokinetic experiment (0.2 mg/kg i.v.; 0.4 mg/kg p.o.) and exhibited an excellent half-life (8.8 h) and good oral bioavailability (F = 54%). On the basis of these findings, compound 26 was advanced into further preclinical profiling, the complete results of which will be reported elsewhere.
In conclusion, we have used an assay based on the 3′ processing activity of HIV-1 IN to screen the Boehringer Ingelheim compound collection and identify hit compound 1.
23−29 Hit-to-lead and lead optimization effort established the importance of the C3 and C4 substituents to binding to the CCD of IN, which translated into excellent antiviral potency against a number of viruses with different aa124/aa125 variants of IN. We also established the importance of the C7 position on the serum shifted potency. Balancing good potency with excellent metabolic stability was achieved through the introduction of a quinoline substituent at the C4 position. Combination of these findings ultimately led to the discovery of compound 26 (BI 224436), the first NCINI to advance into a phase Ia clinical trial. 
